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A s tudy i s  being conducted a t  t he  NASA Lewis Research Center t o  
i n v e s t i g a t e  the  mechanism t h a t  causes free-stream turbulence t o  increase heat 
t r a n s f e r  i n  t h e  stagnat ion reg ion  o f  t u r b i n e  vanes and blades. The work i s  
being conducted i n  a  wind tunnel  a t  atmospheric cond i t ions  t o  f a c i l i t a t e  
measurements o f  turbulence and heat t r a n s f e r .  The model s i z e  i s  scaled up t o  
s imu la te  Reynolds numbers (based on the  leading-edge diameter) t h a t  a re  t o  be 
expected on a  t u r b i n e  blade lead ing  edge. Reynolds numbers from 13 000 t o  
177 000 were run i n  t h e  present t e s t s .  
Spanwise-averaged heat t r a n s f e r  measurements w i t h  h igh  and low turbulence 
have been made w i t h  'rough" and smooth sur face stagnat ion regions. For smooth 
surfaces the  boundary l a y e r  remained laminar  even i n  the  presence o f  
free-stream turbulence.  I f  roughness was added, t he  boundary l a y e r  became 
t r a n s i t i o n a l  as evidenced by t h e  heat t r a n s f e r  increase w i t h  increas ing  
d is tance from the  stagnat ion l i n e .  , 
Hot-wire measurements near t he  s tagnat ion  reg ion  downstream o f  an a r r a y  
o f  p a r a l l e l  wi res showed t h a t  v o r t i c i t y  i n  t he  form o f  mean v e l o c i t y  g rad ien ts  
was a m p l i f i e d  as the  f l o w  approached the  s tagnat ion  region.  C i rcumferent ia l  
t r ave rses  o f  a  hot-wire probe near t he  sur face o f  t h e  c y l i n d e r  showed t h a t  t he  
f l u c t u a t i n g  component o f  v e l o c i t y  changed i n  character  depending on 
free-stream turbulence and Reynolds number. 
F i n a l l y  smoke-wire f l o w  v i s u a l i z a t i o n  and l i q u i d - c r y s t a l  surface heat 
t r a n s f e r  v i s u a l i z a t i o n  were combined t o  show t h a t ,  i n  t he  wake o f  an a r ray  o f  
p a r a l l e l  wi res,  heat  t r a n s f e r  was lowest where t h e  f l u c t u a t i n g  component o f  
v e l o c i t y  ( l o c a l  turbulence)  was h ighest .  Hentr&zw.the._highes.L.- 
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SYMBOLS 
D c y l i n d e r  diameter, cm 
d  rod diameter, cm 
e  he igh t  o f  roughness element, cm 
h  heat t r a n s f e r  c o e f f i c i e n t ,  w/m2 "C 
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q "  hea t  f l u x ,  w/m2 
Re Reynolds number 
T  temperature,  K 
X d i s t a n c e  measured upstream f r om fo rward  s t a g n a t i o n  
l i n e ,  cm 
z spanwise coo rd i na te ,  cm 
0 c i r c u m f e r e n t i a l  coord ina te ,  deg 
INTRODUCTION 
I n  gas t u r b i n e  b lade  design, p r e d i c t i n g  hea t  t r a n s f e r  i n  t h e  s t a g n a t i o n  
r e g i o n  i s  c r i t i c a l  because t h e  hea t  f l u x  i s  u s u a l l y  h i g h e s t  i n  t h i s  reg ion .  
The hea t  t r a n s f e r  i n  t h e  s t agna t i on  r e g i o n  can be p r e d i c t e d  i f  t h e  f ree -s t ream 
f l o w  i s  l am ina r  ( r e f .  1 ) .  I n  a  gas t u r b i n e ,  f l o w s  a re  h i g h l y  t u r b u l e n t ,  w i t h  
i n t e n s i t i e s  o f  8  t o  15 percen t .  I f  t h e  t u rbu lence  i n t e n s i t y  i n  t h e  f r e e  
s t ream i s  h i g h e r  t h a n  1 percen t ,  hea t  t r a n s f e r  i n  t h e  s t a g n a t i o n  r e g i o n  i s  
augmented. 
Flow i n  t h e  s tagna t i on  r e g i o n  o f  a  t u r b i n e  b lade  can be s imu la ted  by  a  
c y l i n d e r  i n  c ross f l ow .  There have been many exper imenta l  i n v e s t i g a t i o n s  o f  
t h e  e f f e c t  o f  t u rbu lence  i n t e n s i t y  on hea t  t r a n s f e r  t o  a  c y l i n d e r  i n  c r o s s f l o w  
(e.g., r e f s .  2 t o  6 ) .  Most o f  these  i n v e s t i g a t i o n s  have measured an i nc rease  
i n  hea t  t r a n s f e r  i n  t h e  s t agna t i on  r e g i o n  f o r  some increased l e v e l  o f  
f ree -s t ream tu rbu lence  and then  t r i e d  t o  c o r r e l a t e  t h e  hea t  t r a n s f e r  i nc rease  
t o  some parameter i n v o l v i n g  t h e  t u rbu lence  i n t e n s i t y .  Th i s  approach has had 
l i m i t e d  success. Trends a r e  c l e a r l y  p resen t ,  b u t  t h e r e  i s  g r e a t  s c a t t e r  i n  
t h e  data,  p a r t i c u l a r l y  between t h e  da ta  o f  d i f f e r e n t  researchers .  
The mathematical  model ing o f  s t agna t i on  r e g i o n  f l o w  has been d i v i d e d  i n t o  
seve ra l  areas.  One s e t . o f  modelers has at tempted t o  develop a  t u rbu lence  
model t h a t  can be used t o  so l ve  t h e  two-dimensional  boundary- layer  equat ions 
and p r e d i c t  t h e  l e v e l  o f  heat  t r a n s f e r  ( r e f s .  2, 7, and 8 ) .  The r e s u l t s  a r e  a  
c o r r e l a t i o n  o f  t h e  m i x i n g  l e n g t h  o r  t u r b u l e n t  v i s c o s i t y  and t h e  P rand t l  number 
w i t h  o t h e r  f l o w  parameters. 
A more p l a u s i b l e  model o f  hea t  t r a n s f e r  augmentat ion by f ree -s t ream 
t u r b u l e n c e  i s  t h e  v o r t e x  s t r e t c h i n g  model. It i s  hypothes ized t h a t ,  as 
v o r t i c a l  f i l a m e n t s  w i t h  components o f  t h e i r  axes normal t o  t h e  s t a g n a t i o n  l i n e  
and normal t o  t h e  f ree-s t ream f l o w  a r e  convected i n t o  t h e  s tagna t i on  reg ion ,  
t h e y  a r e  s t r e t c h e d  and t i l t e d  by t h e  d ivergence o f  s t reaml ines  and 
a c c e l e r a t i o n  around t h e  body. Through conse rva t i on  o f  angu la r  momentum t h i s  
s t r e t c h i n g  i n t e n s i f i e s  t h e  v o r t i c i t y .  The inc reased  v o r t i c i t y  i s  hypothes ized 
t o  be t h e  cause o f  t h e  augmented hea t  t r a n s f e r  i n  t h e  s tagna t i on  r eg ion .  Some 
examples o f  t h e  work on t h i s  t heo ry  a r e  g i ven  i n  re fe rences  9 t o  14, and t h e  
work i s  reviewed i n  r e fe rence  15 .  It was deduced ( r e f s .  9 and 10)  t h a t  t h e  
mathemat ica l  model a l lowed o n l y  t u r b u l e n t  eddies above a  c e r t a i n  n e u t r a l  s ca le  
t o  e n t e r  t h e  Hiemenz f l o w  ( r e f .  16)  boundary l a y e r .  Once i n s i d e  t h e  boundary 
l a y e r ,  however, t h e  eddies can be broken down i n t o  sma l l e r  eddies by t h e  
a c t i o n  o f  v i s c o s i t y .  The three-d imensional  v o r t i c i t y  t r a n s p o r t  equat ions were 
solved f o r  a  free-stream v e l o c i t y  t h a t  was p e r i o d i c  i n  the  spanwise 
coordinate.  This boundary cond i t i on  suppl ied t h e  v o r t i c i t y  t o  t he  stagnat ion 
reg ion  i n  an o r i e n t a t i o n  t h a t  al lowed i t  t o  be s t re tched by the  mean f low.  A 
few spec ia l  cases where the  per iod  i n  v e l o c i t y  was near t he  neu t ra l  scale have 
been solved. It was found t h a t  the  thermal boundary l a y e r x i s  much more 
s e n s i t i v e  t o  ex te rna l  v o r t i c i t y  than the  hydrodynamic boundary l aye r .  
I n  reference 11 measurements o f  g r i d  turbulence t h a t  contained eddies of 
a l l  o r i e n t a t i o n s  near t he  stagnat ion p o i n t  o f  a  c i r c u l a r  c y l i n d e r  show t h a t  
eddies w i t h  scales much l a r g e r  than the  c y l i n d e r  diameter a re  n o t  a m p l i f i e d  as 
they  approach the  stagnat ion p o i n t  bu t  smal le r  scale eddies are  amp l i f i ed  as 
they  approach the  cy l i nde r .  These measurements are  ex terna l  t o  the  boundary 
l aye r .  I n  references 12 and 13 a  h o t  w i r e  was used t o  measure the  
a m p l i f i c a t i o n  o f  turbulence near the, s tagnat ion  p o i n t  o f  both a  c y l i n d e r  and 
an a i r f o i l .  The turbulence was produced by an upstream a r ray  o f  p a r a l l e l  
rods. Spectra l  measurements were then used t o  deduce a  so-cal led 
most-ampl i f ied scale. Flow v i s u a l i z a t i o n  w i t h  smoke a l s o  shows a  regu la r  
a r r a y  o f  vor tex  p a i r s  near t he  s tagnat ion  p o i n t .  The a r ray  o f  vor tex p a i r s  i s  
c l e a r l y  ou ts ide  the  t h e o r e t i c a l  laminar  boundary layer .  
Reference 14 describes a  th resho ld  f o r  vor tex  format ion near t he  
s tagnat ion  reg ion  o f  a  b l u f f  body from t h e  wakes o f  an a r ray  o f  p a r a l l e l  w i res  
placed upstream. I f  the  wires a re  t o o  f a r  upstream o r  t he  Reynolds number i s  
t o o  smal l ,  no v o r t i c e s  are  formed on a  b l u f f  body. Heat t r a n s f e r  augmentation 
i n  t h e  s tagnat ion  reg ion  increases sharply  when v o r t i c e s  a re  formed. The s i z e  
o f  t h e  v o r t i c e s  scales w i t h  the  w id th  o f  t he  upstream dis turbance wake and n o t  
w i t h  boundary-layer th ickness.  
Ca lcu la t ions  and measurements made i n  reference 5 show the  boundary-layer 
v e l o c i t y  p r o f i l e s  t o  be e s s e n t i a l l y  laminar  even i n  t h e  presence of 
free-stream turbulence. The temperature f i e l d ,  however, i s  more s e n s i t i v e  t o  
free-stream turbulence.  This imp l i es  t h a t  heat t r a n s f e r  w i l l  be increased 
more than s k i n  f r i c t i o n  by free-stream turbulence.  
A c o l l e c t i o n  o f  experimental observat ions has been assembled here t o  
cons t ruc t  a  p i c t u r e  o f  t h i s  complex phenomenon. Spanwise-averaged heat 
t r a n s f e r  data a re  presented t o  show the  e f f e c t  o f  free-stream turbulence and 
sur face roughness on the  cond i t i on  ( laminar  o r  t u rbu len t )  o f  t he  thermal 
boundary l a y e r .  Hot-wire measurements a re  used t o  show how v o r t i c i t y  from 
mean v e l o c i t y  gradients i s  amp l i f i ed  as i t  approaches the  stagnat ion region.  
F i n a l l y  a  combination o f  f l ow  v i s u a l i z a t i o n  us ing t h e  smoke-wire technique and 
thermal v i s u a l i z a t i o n  us ing l i q u i d  c r y s t a l s  i s  used t o  show t h e  r e l a t i o n s h i p  
between vor tex p a i r s  produced by mean v e l o c i t y  g rad ien ts  and the  spanwise heat 
t r a n s f e r  d i s t r i b u t i o n .  
APPARATUS 
Wind Tunnel 
A l l  t e s t s  were conducted i n  t he  wind tunne l  shown schemat ica l ly  i n  
f i g u r e  1. Room a i r  f i r s t  f lowed through a  turbulence damping screen w i t h  an 
18x18 mesh o f  0.24-mm (0.0095-in) diameter w i re .  Large-scale turbulence from 
t h e  room a i r  was then broken up by f l ow ing  i t through a  honeycomb o f  
approximately 12 000 p l a s t i c  "soda straws," which were 0.64 cm (0.25 i n )  i n  
d iamete r  by  19.69 cm (7.75 i n )  l ong .  The a i r  t hen  passed th rough  a  f i n a l  
damping screen i d e n t i c a l  t o  t h e  f i r s t .  A 4.85:l c o n t r a c t i o n  ( c o n t r a c t i o n  i n  
spanwise d i r e c t i o n  on l y )  then  acce le ra ted  t h e  a i r  e n t e r i n g  t h e  t e s t  sec t i on .  
The maximum v e l o c i t y  a t t a i n a b l e  i n  t h e  t e s t  s e c t i o n  was about  46 m/sec 
(150 f t / s e c ) ,  and t h e  c l ea r - t unne l  t u rbu lence  l e v e l  was l e s s  than  0.5 pe rcen t  
a t  a l l  f l o w  r a t e s .  
The t e s t  s e c t i o n  was 15.2 cm (6.0 i n )  w ide by  68.6 cm (27.0 i n )  h igh .  
The models were mounted h o r i z o n t a l l y  i n  t h e  t unne l .  Hot -wi re  surveys and 
smoke-wire f l o w  v i s u a l i z a t i o n  i n d i c a t e d  t h a t  t h e  c e n t e r  7.6 cm (3.0 i n )  o f  t h e  
t u n n e l  was f r e e  f r om tu rbu lence  generated by t h e  s i de -wa l l  boundary l a y e r .  
A l l  measurements were con f i ned  t o  t h i s  c e n t e r  r e g i o n  o f  t h e  t unne l  t e s t  
s e c t i o n .  
A f t e r  l e a v i n g  t h e  t e s t  s e c t i o n  t h e  f l o w  passed th rough  a  t r a n s i t i o n  
s e c t i o n  i n t o  a  25-cm (10 - i n )  p ipe ,  th rough  two long- rad ius  elbows, i n t o  a  f l o w  
s t r a i g h t e n e r ,  and i n t o  an o r i f i c e  run.  The o r i f i c e  p l a t e  had a  d iamete r  o f  
19.1 cm (7.5 i n ) .  The f l o w  r a t e s  used i n  these  t e s t s  were measured w i t h  t h i s  
o r i f i c e .  A i r  t h e n  passed th rough  a  25-cm (10- in )  b u t t e r f l y  va lve ,  which was 
used t o  c o n t r o l  t h e  f l o w  r a t e ,  and then  t o  t h e  b u i l d i n g  a l t i t u d e  exhaust 
system. 
The temperature o f  t h e  a i r  e n t e r i n g  t h e  wind t unne l  was measured by  f o u r  
exposed b a l l  Chromel-Alumel thermocouples around t h e  pe r ime te r  o f  t h e  i n l e t .  
These f o u r  temperatures were averaged t o  g i v e  t h e  t o t a l  ( o r  s t agna t i on )  
' temperature.  
Turbulence Generators 
Fo r  some o f  t h e  h igh- tu rbu lence  cases a  tu rbu lence-genera t ing  b i p l a n e  
g r i d  o f  0.318-cm (0.125- in)  d iamete r  rods spaced 10  r o d  d iameters  a p a r t  was 
i n s t a l l e d  79.6 r od  d iameters  upstream o f  t h e  model l e a d i n g  edge. Fo r  t h e  f l o w  
v i s u a l i z a t i o n  t e s t s  and some o f  t h e  hea t  t r a n s f e r  t e s t s  an a r r a y  o f  p a r a l l e l  
0.051-cm (0.020- in)  d iameter  w i r e s  spaced 12.5 w i r e  d iameters  a p a r t  was 
i n s t a l l e d  547.5 w i r e  d iameters  (4.21 c y l i n d e r  d iamete rs )  upstream o f  t h e  model 
l e a d i n g  edge. For  t h e  spanwise ho t -w i re  t r a v e r s e s  t h e  same p a r a l l e l - w i r e  
a r r a y  was used, b u t  t h e  w i r es  were spaced 37.5 w i r e  d iameters  a p a r t .  
Hot W i  r e  
Turbulence was measured w i t h  a  constant - temperature,  ho t -w i r e  
anemometer. S i gna l s  were l i n e a r i z e d ,  and t h e  mean component o f  v e l o c i t y  was 
read on an i n t e g r a t i n g  d i g i t a l  v o l t m e t e r  w i t h  an a d j u s t a b l e  t i m e  cons tan t .  
The f l u c t u a t i n g  component was read on a  t r u e  rms v o l t m e t e r  t h a t  a l s o  had an 
a d j u s t a b l e  t i m e  cons tan t .  The ho t -w i re  probe was a  4-pm (1.65-pin) 
d iameter ,  tungsten,  s i ng l e -w i re  probe. The h o t  w i r e  was c a l i b r a t e d  b e f o r e  
each use i n  a  f r e e  j e t  o f  a i r  a t  n e a r l y  t h e  same temperature (tl deg C )  as t h e  
wind t u n n e l  f l o w .  The f requency response o f  t h e  ho t -w i r e  system was 
determined t o  be around 30 kHz by  t h e  s tandard square-wave t e s t .  
Turbu lence sca le  was es t imated  by us i ng  an a u t o c o r r e l a t i o n  o f  t h e  
ho t -w i r e  s i g n a l .  The a u t o c o r r e l a t i o n  was ob ta ined  on a  dual-channel ,  f a s t  
F o u r i e r  t r a n s f o r m  (FFT) spectrum ana lyzer .  The area under t h e  a u t o c o r r e l a t i o n  
f u n c t i o n  gave an i n t e g r a l  t ime scale.  This  t ime scale was then m u l t i p l i e d  by 
t h e  mean v e l o c i t y  t o  ob ta in  the  i n t e g r a l  l eng th  scale. 
Smoke Wire 
Flow v i s u a l i z a t i o n  was accomplished by us ing the  smoke-wire technique 
described i n  reference 17. A 0.008-cm (0.003-in) diameter w i r e  was s t re tched 
across the  tunnel  p a r a l l e l  t o  t h e  c y l i n d e r  a x i s  s l i g h t l y  below the  stagnat ion 
plane. The w i r e  was coated w i t h  o i l ,  as recommended i n  reference 17, by us ing  
a  c o t t o n  swab. A t i m i n g  c i r c u i t  was then used t o  s t a r t  cu r ren t  f l o w  t o  heat 
t h e  w i r e  and vaporize the  o i l  and, a f t e r  an ad jus tab le  delay, t o  f i r e  a  s t robe 
l i g h t  t o  expose the  f i l m .  A 35-mm camera w i t h  te lephoto  lens and closeup 
attachments was then used t o  make h igh -qua l i t y  images o f  t he  f l o w  and heat 
t r a n s f e r  pa t te rns  i n  t he  stagnat ion region.  Two s t robe l i g h t s  were used, one 
f rom each s ide  o f  t he  tunne l .  The bes t  l i g h t i n g  angle f o r  smoke v i s u a l i z a t i o n  
was 90° from t h e  viewing angle. This angle was n o t  an optimum angle f o r  t he  
v iewing o f  t h e  l i q u i d - c r y s t a l  models. As expla ined i n  reference 18, i f  t h e  
l i g h t i n g  angle and the  viewing angle a re  n o t  t he  same, the re  i s  a  c o l o r  s h i f t  
i n  t h e  l i q u i d  c r y s t a l .  Thus simultaneous smoke and l i q u i d - c r y s t a l  thermal 
v i s u a l i z a t i o n  photographs can on l y  be used t o  ob ta in  q u a l i t a t i v e  heat t r a n s f e r  
r e s u l t s .  
TEST SPECIMENS 
Spanwise-Averaged Heat Trans fer  
Spanwise-averaged heat t r a n s f e r  c o e f f i c i e n t s  were measured on a  6.6-cm 
(2.6- in) diameter c y l i n d e r  ( f i g .  2 ) .  The c y l i n d e r  was 15.2 cm ( 6  i n )  long and 
was made o f  wood. Heat t r a n s f e r  c o e f f i c i e n t s  around the  circumference o f  t he  
c y l i n d e r  were measured w i t h  e l e c t r i c a l l y  heated copper s t r i p s  ( f i g .  3).  Each 
s t r i p  was 6.6 cm (2.6 i n )  long by 0.51 cm (0.21 i n )  wide and 0.318 cm 
(0.125 i n )  deep. A Kapton-encapsulated e l e c t r i c  heater  was fastened t o  the  
back o f  each copper s t r i p  w i t h  pressure-sensi t ive adhesive. A s t a i n l e s s  s t e e l  
sheathed, closed, grounded-ball, Chromel-Alumel thermocouple was s o f t  soldered 
i n t o  a  groove i n  each copper s t r i p .  The copper heat f l u x  gauges were embedded 
i n  t h e  surface o f  t h e  c y l i n d e r  a t  10' i n t e r v a l s  around t h e  circumference. The 
average gap between copper s t r i p s  was 0.10 cm (0.04 i n )  and was f i l l e d  w i t h  
epoxy. Although the re  were e i g h t  copper s t r i p s ,  on ly  t h e  i n n e r  s i x  s t r i p s  
were used as measuring gauges; t he  ou te r  two served as guard heaters t o  
minimize heat loss  by conduction. Guard heaters were a l so  used on the  ends o f  
t h e  copper s t r i p  gauges ( f i g .  2 ) .  A guard heater  was a l so  used behind t h e  
measuring gauges t o  s top r a d i a l  heat conduct ion t o  t h e  r e a r  o f  t h e  c y l i n d e r .  
A t h i n  coat  o f  lacquer was sprayed on t h e  sur face o f  t h e  c y l i n d e r  and the  
copper gauges t o  keep the  copper from o x i d i z i n g  and changing emiss i v i t y .  I n  
opera t ion  the  copper s t r i p s  were maintained a t  a  constant  temperature by a  
c o n t r o l l e r  described i n  reference 19. The data reduct ion  technique used f o r  
t h e  spanwise-averaged model i s  a l s o  described i n  reference 19. 
For some o f  t h e  t e s t s ,  t he  spanwise-averaged heat t r a n s f e r  model was used 
t o  i n v e s t i g a t e  the  e f f e c t  o f  sur face roughness. A coat  o f  c l e a r  lacquer was 
sprayed onto t h e  model, and sand was then sp r ink led  on the  wet surface from an 
o rd ina ry  s a l t  shaker. Another t h i n  coat  o f  lacquer then he ld  t h e  sand i n  
p lace.  Since t h e  roughness elements were t o o  l a r g e  t o  be measured w i t h  a  
p r o f i l o m e t e r ,  an o p t i c a l  comparator was used t o  est imate roughness. The 
maximum he igh t  of any one roughness element was 0.0572 cm (0.0225 i n ) .  The 
average h e i g h t  of t h e  roughness elements above t h e  sur face  was 0.033 cm 
(0.013 i n ) ,  which gave a  r e l a t i v e  roughness e/D o f  0.005. 
An a f te rbody  was used w i t h  t h e  c y l i n d e r  f o r  some t e s t s  t o  e l i m i n a t e  t h e  
a l t e r n a t e  vor tex  shedding from t h e  r e a r  o f  t h e  c y l i n d e r .  The a f te rbody  
cons is ted  o f  a  5.08-cm (2.0- in) long s t r a i g h t  segment t h a t  was tangent t o  t h e  
c y l i n d e r  sur face  90" from t h e  s tagnat ion  l i n e .  A 10" wedge then extended 
downstream and ended i n  a  c y l i n d r i c a l  t r a i l i n g  edge 0.3175 cm (0.125 i n )  i n  
diameter.  
L iqu id -Crys ta l  Models 
Spanwise v a r i a t i o n s  i n  heat t r a n s f e r  c o e f f i c i e n t  were mapped w i t h  t h r e e  
models ( f i g .  4) .  One was a  c y l i n d e r  w i t h  t h e  same dimensions as t h e  
spanwise-averaged heat t r a n s f e r  model. The second had t h e  same dimensions as 
t h e  spanwise-averaged model p lus  t h e  af terbody.  The t h i r d  was scaled t o  
one-half t h e  s i z e  o f  t h e  spanwise-averaged model p lus  t h e  af terbody.  
A l l  o f  t h e  l i q u i d - c r y s t a l  models were constructed by us ing  t h e  techniques 
i n  re fe rence 18. B r i e f l y ,  a  heater  element c o n s i s t i n g  o f  po l yes te r  sheet w i t h  
a  vapor-deposited go ld  l a y e r  was fastened t o  t h e  model sur face  w i t h  
double-sided tape. Bus bars o f  copper f o i l  were fastened t o  t h e  heater  edges, 
which were p a r a l l e l  t o  t h e  c y l i n d e r  a x i s  and loca ted  a t  t h e  r e a r  o f  t h e  
c y l i n d e r .  S i l v e r  conduct ive p a i n t  was used t o  improve e l e c t r i c a l  conductance 
between t h e  copper f o i l  and t h e  go ld .  A commercial ly a v a i l a b l e  p l a s t i c  sheet 
con ta in ing  c h o l e s t e r i c  l i q u i d  c r y s t a l s  was fastened over t h e  heater  w i t h  
double-sided tape. 
The go ld  heater  was checked f o r  u n i f o r m i t y  i n  s t i l l  a i r  by us ing  t h e  
l i q u i d - c r y s t a l  sheets t o  moni tor  temperature g rad ien ts .  The l i q u i d  c r y s t a l  
was c a l i b r a t e d  i n  a  water  bath t o  determine t h e  temperature t h a t  corresponded 
t o  c o l o r .  Yel low i n d i c a t e d  a  temperature o f  54.8 2 0.2 O C  (130.6 2 0.4 OF). 
I n  operat ion,  t h e  c y l i n d e r  was heated by passing an e l e c t r i c  c u r r e n t  
through t h e  go ld  f i l m .  This suppl ied a  un i f o rm heat  f l u x  a t  t h e  sur face  o f  
t h e  c y l i n d e r .  E l e c t r i c  power t o  t h e  model was ad jus ted  so t h a t  t h e  area o f  
i n t e r e s t  on t h e  sur face  turned ye l low.  Neg lec t ing  r a d i a t i o n  and conduct ion 
losses, which a re  smal l ,  t h e  heat t r a n s f e r  c o e f f i c i e n t  can be computed as 
Thus ye l l ow  t races  an iso-heat - t rans fer  c o e f f i c i e n t  contour  on t h e  model. 
Travers ing Cy l i nde r  
Turbulence measurements near t h e  sur face  o f  t h e  c y l i n d e r  were made w i t h  a  
t r a v e r s i n g  c y l i n d e r  ( f i g .  5 ) .  This  c y l i n d e r  was made o f  wood and had a  ho le  
d r i l l e d  a long a  diameter.  A hot-wi re probe cou ld  be i n s e r t e d  through t h i s  
ho le  and pos i t i oned  c lose  t o  t h e  surface. The area around t h e  hot-wi re probe 
was f i l l e d  i n  w i t h  modeling c l a y  t o  match the  contour o f  t h e  cy l i nde r .  The 
t r a v e r s i n g  c y l i n d e r  extended through holes i n  t h e  tunne l  wa l l s ;  f e l t  was used 
as a  seal between the  c y l i n d e r  and the  wa l l s .  The c y l i n d e r  could thus be 
t raversed a x i a l l y  across the  tunnel  span o r  r o t a t e d  about i t s  ax i s ,  c a r r y i n g  
t h e  h o t  w i r e  w i t h  i t. 
ERROR ANALYSIS 
An e r r o r  ana lys is  was performed f o r  each o f  t he  spanwise-averaged heat 
t r a n s f e r  data p o i n t s  by t h e  method o f  K l i n e  and McClintock ( r e f .  20). The 
average e r r o r  f o r  a l l  o f  the  data po in t s  was 5.7 percent,  and the  maximum 
e r r o r  f o r  any one data p o i n t  was 7.8 percent.  E r r o r  est imates were no t  made 
f o r  t h e  hot-wire and l i q u i d - c r y s t a l  data. 
RESULTS AND DISCUSSION 
I n  t h i s  sec t i on  spanwise-averaged heat t r a n s f e r  d i s t r i b u t i o n s  around a  
c i r c u l a r  c y l i n d e r  i n  cross f low,  a re  presented f o r  h igh  and low free-stream 
turbu lence as w e l l  as the  e f f e c t  o f  sur face roughness. Hot-wire measurements 
a re  presented t o  demonstrate a m p l i f i c a t i o n  o f  v o r t i c i t y  i n  t he  f r e e  stream as 
t h e  f l o w  approaches the  stagnat ion region.  F i n a l l y ,  f l o w  v i s u a l i z a t i o n  and 
thermal v i s u a l i z a t i o n  are  combined t o  show t h e  r e l a t i o n s h i p  between vor tex 
p a i r s  formed i n  the  stagnat ion reg ion  and spanwise v a r i a t i o n s  i n  sur face heat 
t r a n s f e r .  
Spanwise-Averaged Heat Transfer  
Nussel t  number as a  f u n c t i o n  o f  angle from the  stagnat ion p o i n t  was 
determined f o r  t he  f o u r  cases ( f i g .  6 ) .  A l l  o f  t he  data were taken a t  a  
Reynolds number o f  177 000 (based on free-stream cond i t ions  and c y l i n d e r  
diameter).  Low-turbulence data were taken w i t h  a  c l e a r  tunnel  and high- 
tu rbu lence data were taken w i t h  a  b ip lane g r i d .  The g r i d  produced turbulence 
o f  about 2.4 percent  w i t h  a  scale o f  0.50 cm (0.20 i n ) .  Also p l o t t e d  on the  
f i g u r e  i s  an exact s o l u t i o n  o f  t he  laminar  boundary-layer equations due t o  
reference 1. The data shown on f i g u r e  6  were f o r  t h e  c y l i n d e r  w i thout  the  
af terbody;  data taken w i t h  the  a f te rbody i n  p lace  were i d e n t i c a l  w i t h i n  
experimental  e r r o r .  
Smooth sur face - low turbulence.  - The agreement between the  exact 
s o l u t i o n  and the  smooth-cylinder, low-turbulence data i s  w e l l  w i t h i n  the  
experimental  e r r o r  and thus conf irms the  accuracy o f  t h e  experimental method 
( f i g .  6). 
Smooth sur face - h igh  turbulence.  - For the  c y l i n d e r  placed downstream o f  
t h e  b ip lane g r i d  ( f i g .  6) turbulence increased the  heat t r a n s f e r  v i r t u a l l y  
un i fo rm ly  around the  circumference (measurements were on ly  made up t o  50' from 
s tagnat ion)  by about 30 percent.  This  agrees w e l l  w i t h  the  data o f  o the r  
observers: f o r  example, t he  theory  o f  reference 2  p r e d i c t s  an increase i n  
Nussel t  number a t  t he  stagnat ion p o i n t  o f  27.8 percent  f o r  these cond i t ions .  
Rough sur face - low turbulence. - Adding sand roughness t o  the  c y l i n d e r  
surface w i t h  0.5-percent free-stream turbulence d i d  n o t  change the  heat 
t r a n s f e r  r a t e  a t  t h e  s tagnat ion  p o i n t  f rom the  smooth-surface case ( f i g .  6) .  
As t h e  angle f rom s tagnat ion  increased, however, t h e  heat t r a n s f e r  r a t e  a l s o  
increased, most l i k e l y  because boundary-layer t r a n s i t i o n  was t r i g g e r e d  by t h e  
roughness elements. 
Rough sur face  - h igh  turbulence.  - For  t h e  sand-roughened sur face w i t h  
2.4-percent f ree-st ream turbulence t h e  e f f e c t  o f  f ree-stream turbulence was 
g r e a t e s t  nearest  t he  s tagnat ion  p o i n t ,  where t h e  heat  t r a n s f e r  r a t e  was again 
about 30 percent  h ighe r  than i n  t h e  low-turbulence case. As t h e  angle f rom 
s tagnat ion  became l a r g e r ,  t h e  high- and low-turbulence data (rough sur face)  
merged as t h e  boundary l a y e r  became more t u r b u l e n t .  
Surface roughness had no e f f e c t  on heat  t r a n s f e r  a t  t h e  s tagnat ion  l i n e  
b u t  changed t h e  charac ter  o f  t h e  boundary l a y e r  i n  t h e  downstream d i r e c t i o n .  
It seems t h a t  t h e  boundary l a y e r  on t h e  smooth sur face remains laminar  a t  t h e  
Reynolds numbers tes ted  ( i . e . ,  no tu rbu lence i s  produced w i t h i n  t he  boundary 
l a y e r ) .  Free-stream turbulence somehow ac ts  on a  laminar  boundary l a y e r  t o  
augment heat  t r a n s f e r .  
Hot-Wire Measurements 
Streamwise t raverse .  - A streamwise t rave rse  o f  a  s i n g l e  ho t  w i r e  was 
performed w i t h  t h e  w i r e  o r i en ted  p a r a l l e l  t o  t h e  6.6-cm (2.6- in) diameter 
c y l i n d e r  a x i s  and as c lose  as poss ib le  t o  t h e  p lane o f  t h e  s tagnat ion  
s t reaml ine .  An a r r a y  o f  0.05-cm (0.02-in) p a r a l l e l  w i res  spaced 12.5 w i r e  
diameters a p a r t  was loca ted  4.21 c y l i n d e r  diameters (547.5 w i r e  diameters) 
upstream o f  t h e  s tagnat ion  p o i n t .  This w i r e  a r r a y  produced v o r t i c i t y  
(g rad ien ts  i n  t h e  mean v e l o c i t y )  i n  an o r i e n t a t i o n  t h a t  could be s t re tched and 
amp l i f i ed .  The t rave rse  was made 0.044 t o  3.06 c y l i n d e r  diameters upstream o f  
t h e  s tagnat ion  p o i n t  a t  a  Reynolds number o f  177 000 (based on c y l i n d e r  
d iameter) .  It i s  t y p i c a l  o f  a l l  t raverses  made over t h e  Reynolds number range 
(31 000 t o  177 000). The mean v e l o c i t y  ( f i g .  7 )  f e l l  monoton ica l l y  as t h e  
s tagnat ion  reg ion  was approached. The f l u c t u a t i n g  v e l o c i t y  (rms, f i g .  7 ) ,  
however, f i r s t  decayed w i t h  d is tance downstream o f  t h e  g r i d  (decreasing X/D) 
and then sharp ly  increased and peaked a t  about 0.085 c y l i n d e r  diameter 
upstream f rom t h e  s tagnat ion  p o i n t .  This  peak was f a r  ou ts ide  t h e  p red i c ted  
laminar  boundary-layer th ickness o f  0.003 c y l i n d e r  diameter ( r e f .  16). These 
r e s u l t s  a re  very s i m i l a r  t o  those o f  re ference 12. 
Spanwise t raverse .  - Two spanwise t raverses  o f  a  ho t  w i r e  o r i en ted  
perpend icu la r  t o  t h e  c y l i n d e r  a x i s  and centered i n  t h e  p lane o f  t h e  s tagnat ion  
s t reaml ine  were made. The c y l i n d e r  lead ing  edge was loca ted  4.21 c y l i n d e r  
diameters downstream o f  an a r r a y  o f  0.05-cm (0.02-in) diameter p a r a l l e l  w i res  
spaced 37.5 w i r e  diameters apar t .  Both t raverses  were made a t  a  Reynolds 
number o f  31 000 (based on c y l i n d e r  diameter) and are  t y p i c a l  o f  those f o r  t h e  
complete Reynolds number range. Both t raverses  a re  presented a t  t h e  same 
sca le  i n  f i g u r e  8. For t h e  t rave rse  taken a t  1.06 c y l i n d e r  diameters upstream 
f rom t h e  . s tagna t i on  l i n e ,  t h e  w i r e  wakes a re  c l e a r l y  v i s i b l e  i n  t h e  mean 
v e l o c i t y  t r ace .  The t u r b u l e n t  f l u c t u a t i o n s  a re  h igh  i n  t h e  w i r e  wakes and low 
i n  t h e  r e l a t i v e l y  undis turbed f l o w  between w i res .  A t  0.095 c y l i n d e r  diameter 
upstream t h e  mean v e l o c i t y  g r e a t l y  decreased, b u t  t h e  depth o f  t h e  wake 
increased, an i n d i c a t i o n  o f  i nc reas ing  v o r t i c i t y  as t h e  s tagnat ion  reg ion  was 
approached. The f l u c t u a t i n g  component o f  v e l o c i t y  a l s o  increased i n  t h e  w i r e  
wakes as t h e  s tagnat ion  reg ion  was approached. 
C i r c u m f e r e n t i a l  t r ave rses .  - A h o t  w i r e  o r i e n t e d  p a r a l l e l  t o  t h e  c y l i n d e r  
a x i s  and l o c a t e d  0.012 c y l i n d e r  d iamete r  f r om  t h e  c y l i n d e r  su r f ace  was 
t r a v e r s e d  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  +21° a t  a  Reynolds number o f  
125 000 (based on c y l i n d e r  d iamete r ) .  For  t h e  c l e a r  t unne l  ( f i g .  9 ( a ) ;  i . e . ,  
f ree -s t ream tu rbu lence  i n t e n s i t y  l e s s  than  0.5 percen t ) ,  t h e  mean v e l o c i t y  
inc reased  w i t h  ang le  f r om  s tagna t i on  as t h e  f l o w  acce le ra ted  around t h e  body, 
and t h e  f l u c t u a t i n g  component o f  v e l o c i t y  was lowes t  a t  t h e  s t agna t i on  p o i n t .  
Th i s  f u n c t i o n a l  fo rm o f  t h e  f l u c t u a t i n g  v e l o c i t y  w i t h  ang le  was independent o f  
Reynolds number f o r  a l l  f l ows  t e s t e d  w i t h  t h e  c l e a r  t unne l .  For  an a r r a y  o f  
p a r a l l e l  0.05-cm (0.02- in)  d iameter  w i r e s  spaced 12.5 w i r e  d iameters  a p a r t  and 
l o c a t e d  547.5 w i r e  d iameters  upstream of t h e  s t agna t i on  l i n e  ( f i g .  9 ( b ) ) ,  t h e  
mean v e l o c i t y  t r a c e  was i d e n t i c a l  t o  t h a t  f o r  t h e  c l e a r  t unne l ,  b u t  t h e  
f l u c t u a t i n g  v e l o c i t y  had comple te ly  changed. The minimum a t  t h e  s t agna t i on  
l i n e  i n  t h e  c l e a r  t unne l  changed t o  a  maximum, and t h e  l e v e l  away f rom t h e  
s t a g n a t i o n  r e g i o n  decreased. The l a r g e  v a r i a t i o n s  i n  f l u c t u a t i n g  v e l o c i t y  
w i t h  ang le  i n  t h e  c l e a r  t unne l  were damped. Th i s  change i n  cha rac te r  was 
Reynold-number dependent: below a  Reynolds number o f  95 000 (based on 
c y l i n d e r  d iameter ;  730 based on w i r e  d iameter ) ,  t h e  f l u c t u a t i n g  v e l o c i t y  was 
a t  a  minimum a t  t h e  s t agna t i on  p o i n t  w i t h  o r  w i t h o u t  a  w i r e  a r r a y  
( f i g .  9 ( a ) ) .  Above a  Reynolds number o f  95 000 t h e  f l u c t u a t i n g  v e l o c i t y  
looked l i k e  f i g u r e  9 (b ) .  We have no exp lana t i on  f o r  t h i s  phenomenon. 
Simultaneous Flow - Thermal V i s u a l i z a t i o n  
The smoke-wire f l o w  v i s u a l i z a t i o n  and l i q u i d - c r y s t a l  thermal  
v i s u a l i z a t i o n  techniques were combined t o  show t h e  r e l a t i o n s h i p  between 
spanwise v a r i a t i o n s  i n  hea t  t r a n s f e r  and v o r t i c e s  i n  t h e  s tagna t i on  reg ion .  
These v o r t i c e s  were formed f r om t h e  wakes o f  w i r e s  p laced  upstream o f  t h e  
c y l i n d r i c a l  l e a d i n g  edge and arranged as shown i n  f i g u r e  5. The leading-edge 
r e g i o n  f o r  t h e  6.6-cm (2.6- in)  d iamete r  cy l i nd r i ca l - l ead ing -edge  model w i t h  
a f t e r b o d y  taken  a t  a  Reynolds number o f  13 000 i s  shown i n  f i g u r e  10. The 
Reynolds number f o r  t h e  w i r es  was about  100; f o r  w i r e  Reynolds numbers l e s s  
t h a n  120 t h e  wakes were laminar  ( i . e . ,  no Karman t r a i l s  were formed). The 
dark  l i n e s  on t h e  su r f ace  o f  t h e  model were drawn i n  a  1.27-cm (0 .5 - in )  square 
g r i d  p a t t e r n  f o r  v i s u a l  s ca l i ng .  The model and r e l a t i v e  camera p o s i t i o n  a r e  
shown i n  f i g u r e  11. 
The smoke shows t h a t  a  v o r t e x  p a i r  formed f r om t h e  wake o f  each w i r e .  
The v o r t i c e s  were w e l l  o u t s i d e  t h e  t h e o r e t i c a l  l am ina r  boundary l a y e r .  The 
dark ,  v e r t i c a l  s t r i p e s  i n  t h e  l i q u i d  c r y s t a l  were r eg ions  o f  low temperature 
and t hus  h i g h  hea t  t r a n s f e r .  Thus, c o n t r a r y  t o  expec ta t ions ,  t h e  reg ions  o f  
h i g h e s t  hea t  t r a n s f e r  were n o t  under t h e  v o r t i c e s  b u t  between vo r t ex  p a i r s ,  
where t h e  f ree -s t ream tu rbu lence  was lowes t .  I n  t h i s  r e g i o n  t h e  induced 
v e l o c i t y  f r om  ne ighbor ing  v o r t e x  p a i r s  was d i r e c t e d  toward t h e  c y l i n d e r  
su r face .  Conversely, t h e  r e g i o n  o f  minimum hea t  t r a n s f e r  was d i r e c t l y  under 
t h e  v o r t e x  p a i r .  Th i s  was t h e  r e g i o n  o f  h i g h e s t  f ree-s t ream tu rbu lence  as 
measured by a  h o t  w i r e  o u t s i d e  t h e  boundary l a y e r .  F i gu re  12 shows 
schema t i ca l l y  t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  w i r es ,  wakes, v o r t e x  p a i r s ,  and 
t h e  peaks i n  hea t  t r a n s f e r .  
The hea t  t r a n s f e r  - v o r t e x  p a t t e r n  was t h e  same f o r  a l l  t h r e e  models used 
( f i g .  4 ) .  It was t h e  same f o r  t h e  c y l i n d e r  w i t h o u t  t h e  a f t e rbody  as f o r  
c y l i n d e r  w i t h  t h e  a f te rbody .  The h a l f - s c a l e  model w i t h  t h e  a f t e rbody  a l s o  had 
t h e  same hea t  t r a n s f e r  p a t t e r n ,  b u t  t h e  v o r t i c e s  appeared sma l l e r  i n  d iamete r  
a t  t h e  same free-stream v e l o c i t y .  The spanwise spacing o f  vor tex  p a i r s  
remained equal t o  t he  w i r e  spacing. The Reynolds number f o r  t he  ha l f - sca le  
model was one-half t h a t  f o r  t he  l a r g e  c y l i n d e r  w i t h  the  af terbody.  
For t h e  ha l f - sca le  model t he  spanwise heat t r a n s f e r  c o e f f i c i e n t  var ied  
a long the  s tagnat ion  l i n e  ( i .e . ,  (maximum h  - minimum h)/0.5 (maximum h  + 
minimum h ) )  from 7 percent  a t  a  Reynolds number o f  16 000 t o  16 percent  a t  a  
Reynolds number of 89 000. This i s  t he  magnitude found f o r  spanwise 
v a r i a t i o n s  i n  mas's t r a n s f e r  caused by pe r iod i c  i r r e g u l a r i t i e s  i n  a  screen 
( r e f .  21). Such measurements were n o t  made f o r  t he  o the r  models. 
High-speed motion p i c tu res  o f  smoke near t h e  stagnat ion p o i n t  o f  t he  
c y l i n d e r  w i thou t  t he  af terbody were taken a t  a  Reynolds number o f  13 000. 
Vor t i ces  s t i l l  were formed i n  the  stagnat ion region, bu t  the  stagnat ion p o i n t  
o s c i l l a t e d  because o f  a l t e r n a t e  vor tex shedding from the  r e a r  o f  t he  c y l i n d e r .  
Vor t i ces  were on ly  v i s i b l e  f o r  Reynolds numbers l ess  than about 120 
(based on w i r e  diameter).  A t  h igher  Reynolds numbers the  w i r e  wakes became 
uns tab le  and f i n a l l y  f u l l y  t u rbu len t ,  making i t  impossible t o  see the  
v o r t i c e s .  The heat t r a n s f e r  pa t te rn ,  however, remained unchanged a t  a l l  
Reynolds numbers, i n d i c a t i n g  t h a t  t he  v o r t i c e s  must s t i l l  be the re  al though 
they  could n o t  be seen. A time-exposure photograph was taken i n  t he  hope t h a t  
t h e  random f l u c t u a t i o n s  from the  w i re  wakes would be averaged out  and the  
r e l a t i v e l y  steady vor tex  p a t t e r n  would thus be made v i s i b l e .  The random 
f l u c t u a t i o n s  were indeed averaged out,  bu t  no steady v o r t i c e s  could be seen. 
SUMMARY OF RESULTS 
This r e p o r t  has presented p re l im ina ry  r e s u l t s  o f  a  study t o  i n v e s t i g a t e  
t h e  r e l a t i o n s h i p  between free-stream turbulence and heat t r a n s f e r  augmentation 
i n  t h e  s tagnat ion  region. The e f f e c t s  o f  f ree-stream turbulence and sur face 
roughness on spanwise-averaged heat t r a n s f e r  were inves t iga ted .  Turbulence 
was measured upstream o f  a  c y l i n d e r  placed i n  t h e  wake o f  an a r ray  o f  p a r a l l e l  
w i res  t h a t  were perpendicular  t o  t he  c y l i n d e r  ax i s .  F i n a l l y ,  f l o w  
v i s u a l i z a t i o n  and thermal v i s u a l i z a t i o n  techniques were combined t o  show t h e  
r e l a t i o n s h i p  between vo r t i ces  i n  t h e  s tagnat ion  reg ion  and spanwise v a r i a t i o n s  
i n  heat  t r a n s f e r .  
The major conclusions were as fo l l ows :  
1. Surface roughness has no e f f e c t  on heat  t r a n s f e r  a t  t he  s tagnat ion  
p o i n t  . 
2. Free-stream turbulence has t h e  same e f f e c t  on heat t r a n s f e r  a t  t he  
s tagnat ion  p o i n t  f o r  smooth and rough cy l i nde rs .  
3 .  The boundary l a y e r  downstream o f  t h e  s tagnat ion  p o i n t  remains laminar  
i n  t h e  presence o f  free-stream turbulence and i s  forced i n t o  t r a n s i t i o n  by 
sur face roughness f o r  t h e  range o f  Reynolds numbers and turbulence l e v e l s  
tes ted .  
4 .  V o r t i c i t y  i n  t h e  form o f  mean v e l o c i t y  g rad ien ts  i s  a m p l i f i e d  as i t  
approaches t h e  s tagnat ion  region.  
5. Turbulent  f l u c t u a t i n g  v e l o c i t y  i s  a m p l i f i e d  as i t  approaches t h e  
s tagnat ion  region,  reaches a  peak, and then i s  damped as i t  approaches t h e  
boundary l aye r .  
6. Heat t r a n s f e r  i n  t h e  s tagnat ion  reg ion  i s  h ighes t  where t h e  t u r b u l e n t  
f l u c t u a t i o n s  a re  lowest .  This occurs between t h e  wakes formed by p a r a l l e l  
w i res  upstream and perpendicu lar  t o  t h e  a x i s  o f  t h e  c y l i n d e r .  This  
corresponds t o  t h e  reg ion  between vor tex  p a i r s ,  where t h e  v e l o c i t y  induced by 
t h e  v o r t i c e s  i s  toward t h e  c y l i n d e r  sur face.  Conversely, t h e  lowest  heat  
t r a n s f e r  occurs where t h e  induced v e l o c i t y  i s  away from t h e  c y l i n d e r  surface. 
7. Vor t i ces  formed i n  t h e  s tagnat ion  reg ion  from mean v e l o c i t y  g rad ien ts  
a re  w e l l  ou ts ide  t h e  t h e o r e t i c a l  laminar  boundary l a y e r .  
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